Hindbrain dorsal interneurons that comprise the rhombic lip relay sensory information and coordinate motor outputs. The progenitor dA1 subgroup of interneurons, which is formed along the dorsal-most region of the caudal rhombic lip, gives rise to the cochlear and precerebellar nuclei. These centers project sensory inputs toward upper-brain regions. The fundamental role of dA1 interneurons in the assembly and function of these brainstem nuclei is well characterized. However, the precise en route axonal patterns and synaptic targets of dA1 interneurons are not clear as of yet. Novel genetic tools were used to label dA1 neurons and trace their axonal trajectories and synaptic connections at various stages of chick embryos. Using dA1-specific enhancers, two contralateral ascending axonal projection patterns were identified; one derived from rhombomeres 6 -7 that elongated in the dorsal funiculus, while the other originated from rhombomeres 2-5 and extended in the lateral funiculus. Targets of dA1 axons were followed at later stages using PiggyBac-mediated DNA transposition. dA1 axons were found to project and form synapses in the auditory nuclei and cerebellum. Investigation of mechanisms that regulate the patterns of dA1 axons revealed a fundamental role of Lim-homeodomain (HD) proteins. Switch in the expression of the specific dA1 Lim-HD proteins Lhx2/9 into Lhx1, which is typically expressed in dB1 interneurons, modified dA1 axonal patterns to project along the routes of dB1 subgroup. Together, the results of this research provided new tools and knowledge to the assembly of trajectories and connectivity of hindbrain dA1 interneurons and of molecular mechanisms that control these patterns.
Introduction
The brainstem controls basic functions including respiration, consciousness, hearing, and motor coordination. Maintaining these functions is achieved by communicating between central/ peripheral nervous systems via ascending/descending reticular networks. Brainstem centers, including cranial nerve, respiration, auditory, and precerebellar nuclei, process sensory/motor information to mediate these high-order activities (Altman and Bayer, 1997; Wang and Zoghbi, 2001; Ryugo and Parks, 2003; Milsom et al., 2004; Oertel and Young, 2004; Guthrie, 2007) .
During early development, the brainstem precursor, the hindbrain, is subdivided along its anteroposterior (AP) axis into rhombomeres (r; Lumsden and Krumlauf, 1996) . This segmentation assigns discrete neuronal groups that later generate the brainstem nuclei and neuronal networks in sync with their spatial coordinates (Moens and Prince, 2002; Lumsden, 2004) . The link between hindbrain segmentation and the formation of brainstem circuitry is obscure.
The rhombic lip (RL) defines the dorsal hindbrain and is divided along the AP axis into upper (r1) and lower (r2-r8) domains (Hatten and Heintz, 1995; Alder et al., 1999) . The upper RL generates cerebellar granule cells that form the external and internal granular layers of the cerebellum (EGL, IGL, respectively; Ben-Arie et al., 1997; Köster and Fraser, 2001; Machold and Fishell, 2005) . The lower RL comprises cochlear nuclei (CN), through which auditory information is processed and relayed to the inferior colliculi and thalamus, and multiple precerebellar nuclei (PCN) that relay peripheral sensation to the cerebellum through mossy fiber (MF), or climbing fiber neurons Bayer, 1980, 1987a,b,c,d; Cambronero and Puelles, 2000; Rodriguez and Dymecki, 2000; Díaz et al., 2003; Ryugo and Parks, 2003) .
The basic helix-loop-helix (bHLH) transcription factor Atoh1 is expressed in the dorsal-most RL in a subset of interneuron progenitors, termed dA1 (Akazawa et al., 1995; Ben-Arie et al., 1997; Wang et al., 2005 Fujiyama et al., 2009 ). However, knowledge is buffer, washed with PBS and incubated in PBS with 0.1% Tween20 (PBT)/ 5% goat serum for 2 h, before incubation for ON with the following antibodies: Pax2 (1:50, Abcam), Brn3a and 3A10 (both 1:50, Developmental Studies Hybridoma Bank), Myc (1:500, Santa Cruz Biotechnology). Following PBT washes, anti-rabbit or anti-mouse Alexa 488 and anti-rabbit Alexa 594 (all 1:400, Invitrogen) were added for ON. Immunofluorescence in frozen sections was performed on embryos fixed ON as described above and incubated in 30% sucrose/PBS for ON. Embryos were embedded in optimal cutting temperature solution. Cryostat sections (12 m) were collected and incubated in PBT/5% goat serum for 2 h before incubation for ON at 4°C with the following antibodies: rabbit polyclonal Lhx2/9 (1:100, provided by Dr. T. Jessell, Columbia University, New York, NY), rabbit polyclonal Atoh1 (1:100, provided by Dr. J. Johnson, Southwestern Medical Center, Dallas, TX), mouse monoclonal Lmx1b, Brn3a, Lhx1/5, Tlx3, En-1, Islt1, Synaptotagmin, SV-2 (1:100, Developmental Studies Hybridoma Bank), rabbit polyclonal Pax2 (1:100, Abcam), Olig3 (1:400, provided by Dr. H. Takebayashy, Kumamoto University, Kumamoto, Japan), Axonin-1 (1:500, provided by Dr. E. Stoeckli, University of Zurich, Zurich, Switzerland), Zic1 (1:400, provided by Dr. R. Segal, Dana-Farber Cancer Institute, Boston, MA) and calbindin 28KD (1:80, Swant). Following PBS washes, anti-rabbit or anti-mouse Alexa 488 and anti-rabbit Alexa 594 (all 1:400, Invitrogen) were added for 2 h. All embryos were visualized under Nikon E400 microscope with a digital camera (DP70, Olympus), or by confocal analysis (Leica CTR 4000).
Cell counts. Quantification of cells that conditionally express nGFP and thus represent dA1 cells was performed by calculating the number of nGFP ϩ -cells that coexpress a related neuronal marker (Lhx2/9, Atoh1, Lhx1/5, Pax2, Lmx1b), out of the total nGFP ϩ -cells. Quantification of dA1 cells that ectopically express Lhx1-taumyc was performed by counting the overlapping between Lhx1-taumyc-expressing cells and cells that express the various neuronal markers, out of the total Lhx1-taumycexpressing cells. Quantification of dB1-GFP ϩ cells was performed by calculating the number of Ptf1a-GFP-expressing cells that coexpress a related neuronal marker (Lhx1/5, Pax2, Lmx1b), out of the total GFP ϩ cells. Numbers and percentages are taken from a section that represents Ͼ10 sections from three different embryos demonstrating similar percentages.
Results

Distribution of dorsal interneuron subtypes in the chick hindbrain
The localization of distinct dorsal interneuron (dI) subtypes in the murine hindbrain has been shown (Liu et al., 2008; Storm et al., 2009 ). These groups were divided into class A (dA) and class B (dB) neurons based on their distinct positions and gene expression; dA neurons are located in the dorsal alar plate of the hindbrain and express the bHLH gene Olig3, whereas dBs are more ventral and express the homeobox gene Lbx1. Each of the two groups is further subdivided along the dorsal-ventral (DV) axis based on the expression of multiple markers. Distribution of the markers also differs along the ventricular/mantel zone, reflecting the progenitor or mitotically inactive state of each neuron, respectively. Based on this information, we have used cell fate markers for mapping the different subtypes of hindbrain interneurons in the chick hindbrain. Immunofluorescence or in situ hybridization was performed in whole-mounted hindbrains as well as in transverse sections of E3 embryos (stage 18HH) at the levels of r4 -r5. The position of class A and B hindbrain interneurons, from dorsal to ventral, is as follows: dA1-Lhx2/9 (Fig. 1C , D, I and data not shown); dB4-Lhx1/5 ϩ /Pax2 ϩ ( Fig. 1 E-J ) . A summary of these results is provided (Fig. 1 N) , and shows the division of the hindbrain into multiple dA/dB subgroups along the DV axis, which is similar to that of the mice (Liu et al., 2008; Storm et al., 2009) . Notably, dA2 (Lhx1 ϩ / Foxd3 ϩ ) subpopulation exists only from r7 and caudally (data not shown) and is thus not mentioned in the scheme. Moreover, in mice, dB1 (Lhx1/5 ϩ /Pax2 ϩ ) subgroup also expresses Ptf1a (Meredith et al., 2009) . We found that a Ptf1a-specific enhancer is expressed in chick dB1 subgroup (see Fig. 7 K, L), and is therefore included in the scheme. dB2 (Lbx1 ϩ / phox2b ϩ ) subgroup is also included in the scheme between the dB1 and the dB3 domains (Sieber et al., 2007; Storm et al., 2009) , although it could not be directly detected due to lack of chick antibodies. Pax6 and Islet1 are expressed in hindbrain motor neurons ( Fig. 1G,J ; Osumi et al., 1997) , and are excluded from all dA/dB neurons.
AP arrangement of chick hindbrain interneurons was next analyzed in whole-mounted preparations. The Atoh1 gene is expressed in a restricted pattern along the dorsal-most portion of the entire hindbrain (Fig. 1 K) . Furthermore, staining with Lhx1/5 and Brn3a demonstrates a homogenous expression pattern that refers to dA4/dB1/dB4 (Fig. 1 L) and dA1/dA3/dB3 ( Fig.   1 M) , respectively. These data confirm that the dA/dB neuronal subgroups are similarly expressed along the AP axis of the hindbrain while distinguished along the DV axis.
Labeling dA1 interneurons using specific enhancer elements Genetic fate mapping using enhancer elements has been used in the murine hindbrain to define multiple interneuronal subtypes and to trace their migration routes in the brainstem (Helms and Johnson, 1998; Wang et al., 2005; Farago et al., 2006; Rose et al., 2009b; Renier et al., 2010) . However, information regarding the detailed patterns and targets of their axonal projections is limited. We have previously used transient-transgenic chick screen of highly conserved human noncoding sequences and identified numerous enhancer elements that are expressed in dI1-dI3 of the chick spinal cord (Pennacchio et al., 2006; Visel et al., 2007; Avraham et al., 2009 Avraham et al., , 2010a . Unilateral electroporation of these elements enabled us to direct the expression of a reporter gene in specific neurons in a spatio-temporal controlled manner, and to follow or manipulate axonal projections on both sides of spinal cord (Reeber et al., 2008; Avraham et al., 2009 Avraham et al., , 2010b . This strategy circumvented the difficulty of tracing axonal projections in mice, where germ-line insertion of enhancer elements drives robust bilateral symmetric labeling of axons that may lead to masking of ascending/descending and ipsilateral/contralateral axonal tracts.
To trace hindbrain dA1 interneurons, we used two enhancer elements that have previously been characterized as specific for spinal dI1 neurons (Helms et al., 2000; Lumpkin et al., 2003; Reeber et al., 2008; Avraham et al., 2009 ) and analyzed their expression in the chick hindbrain. The tested enhancers were the mouse Atoh1 (Helms et al., 2000; Ebert et al., 2003; Lai et al., 2011) and edI1 enhancer element (Avraham et al., 2009 ). These elements were cloned upstream to Cre recombinase and coelectroporated at E2.5 along with a Credependent nuclear Green Fluorescent Protein (nGFP) reporter plasmid (pCAGG-LoxP-Stop-LoxP-nGFP; Fig. 2 M) . To examine whether the Cre/LoxP-conditional expression system labels dA1 neurons specifically, hindbrains were stained at E3.5 with multiple neuronal markers (Fig. 2 A-J ) . Expression of nGFP, driven by either Atoh1 or edI1 enhancer::Cre, was restricted to dA1 neurons, as indicated by the overlapping expression with Atoh1 and Lhx2/9 (Fig. 2 A-D) and by the segregation from Lmx1B ϩ /Tlx3 ϩ /Pax2 ϩ -neurons that mark dA3/dB3 and dB1/dB4 subpopulations, respectively (Fig. 2 E-J ) . Quantification of these results confirmed that the vast majority of the nGFP ϩ neurons express Atoh1 or Lhx2/9 while no nGFP expression is evident in more ventral subpopulations (Table 1 ). Based on their position along the ventricularmarginal axis, the nGFP ϩ /Lhx2/9 Ϫ cells are likely to be the progenitors of dA1 that do not yet express Lhx2/9, while the nGFP ϩ /Atoh Ϫ cells are postmitotic dA1 that downregulated Atoh1 expression. As an additional control to assess the efficiency of the electroporation and specificity of the enhancers, mcherry/GFP alternating conditional plasmid was used (Avraham et al., 2009 ), together with the enhancer::Cre constructs. Electroporated embryos showed GFP expression in dA1 neurons while mcherry was evident more ventrally in the non-dA1 neurons ( Fig. 2 K, L) . Together, these data demonstrate the specificity of the Atoh1 and edI1 enhancers to dA1 interneurons.
Mapping axonal projections of dA1 interneurons
Earlier studies revealed the presence of several longitudinal axonal tracts in the hindbrain that arise from ipsilateral or contralateral neurons (Lumsden and Keynes, 1989; Clarke and Lumsden, 1993 ). Yet, the link between the precise genetic identities of these neurons, especially those arising from dorsal subpopulations, and the individual axonal tracts that they provide, is unclear. Here we set to study the axonal patterns of dA1 neurons by labeling the cells with cytoplasmic-GFP (cGFP) under the control of each of the two dA1 enhancers ( Fig. 3N ; Avraham et al., 2009 ). Plasmids were coelectroporated at E2.5 at the level of r3-r7 and embryos were let to develop for further 2-4 d. Analyzing E4.5-E5 embryos revealed similar projection patterns of axonal trajectories for both enhancers ( Fig. 3A-D) . Two main axonal projection pathways were demonstrated, both crossing the midline and turning rostrally at the contralateral side; one projection originated from the caudal hindbrain and elongated longitudinally in the dorsal funiculus (DF; Fig. 3A -D, arrowheads), while the other arises from the more anterior hindbrain and elongated at the lateral funiculus (LF; Fig. 3A -D, arrows). In all experiments, the DF was more apparent compared with the LF, which seemed less condensed. To analyze whether these tracts originate from exclusive rhombomeric domains, hindbrains were costained with the neurofilament marker 3A10, which labels hindbrain axons that tend to accumulate at rhombomere borders (Lumsden and Keynes, 1989) , and therefore allows the demonstration of repetitive segments. A sharp border between the two longitudinal paths of the dA1 axons was found (Fig. 3A ,B, dotted lines). Axons derived from dA1 localized at r6 -r7 ascended exclusively into the DF whereas axons derived from r2-r5 elongated only in the LF. E5.5 and E6 hindbrains revealed the same axonal patterns that further extended toward the upper brain ( Fig. 3E-H) , with the dorsal tract still being more noticeable than the lateral. At E6.5 the DF further extended rostrally and seemed to turn toward the developing cerebellar plate (Fig. 3I ,J, arrowheads). Flat-mounted hindbrains of these embryos show defasciculation of axons from the main longitudinal tract at these sites ( Fig. 3K-LЈ) .
We next aimed to inspect the axonal patterns and the destinations of dA1 neurons at later-embryonic stages (E7.5-13.5), in which the transiently expressed GFP fades away. Thus, the PiggyBac (PB) transposition method was applied (Figs. 4 I, Wang et al., 2009) . A reporter Cre-conditional-mGFP cassette cloned between the two PB arms (PB-CAG-LoxP-STOP-LoxP-mGFP-PB) was electroporated at E2.5 along with the Atoh1/ edI1::Cre enhancers and the PiggyBac transposase vector (CAGPBase). In this strategy, the electroporated Cre-conditional mGFP is integrated into the chick chromosomes and consequently the LoxP/STOP cassette is removed only in dA1 neurons, enabling prolonged expression of the reporter in dA1 cells (Lu et al., 2009 ). Flat-mounted E7.5 hindbrains show dA1-derived axons ascending in the contralateral side of the neural tube in dorsal or lateral paths and defasciculating at the rostral end of the DF (Fig. 4A ,B, arrows and dotted box). These patterns are in agreement with the results obtained with the transiently expressed Cre/Lox plasmids ( Fig. 3) , confirming the specificity of the PB plasmids in labeling dA1 neurons. Notably, in addition to the two main trajectories, some ipsilateral tracts are evident at this stage (Fig. 4A ,B, arrowheads). Such tracts were also found at this stage using the transient plasmid system, although the GFP level of expression was less intense compared with the PB system (Fig. 3K,L) . Moreover, few axons seemed to project caudally at the contralateral side of the hindbrain (Fig.  4A ,B, dotted circles). The additional tracts observed at later stages raise the possibility of late-born dA1 neurons that may provide these axonal projections. As a negative control, electroporation with the mGFP-conditional reporter and transposase plasmids but without the Atoh1/edI1 enhancer::Cre vector was performed and did not reveal any staining in the hindbrain (data not shown).
After confirming the efficient and specific expression of the chromosomally integrated mGFP in dA1 cells, the dorsal ascending axonal route was traced. Embryos were electroporated at E2.5 at the caudal hindbrain (r6 -r7) and analyzed by sagittal-sections ( Fig. 4C-H ) . At E9.5, dA1 axons seemed to extensively elongate in the medulla and pons (Fig. 4C,D) . At E10.5 axons extended more rostrally and turned dorsally toward the cerebellar plate (Fig. 4 E-H ) . As PCN neurons, as well as subsets of CN neurons, project to the cerebellum (Mason, 1986; Hatten and Heintz, 1995; Bermingham et al., 2001; Díaz et al., 2003; Doucet and Ryugo, 2003; Cicirata et al., 2005; Dipietrantonio and Dymecki, 2009; Rose et al., 2009a) , we then wished to inspect the dA1 axonal routes in detail within the cerebellum. The cerebellum was dissected out from E9.5-E13.5 embryos and stained for the zinc finger transcription factor Zic1, which marks the EGL and IGL, and with the Ca 2ϩ -binding protein Calbindin, which marks the Purkinje layer, to delineate the various cerebellar domains (Baimbridge et al., 1992; Aruga et al., 1994 Aruga et al., , 2002 Grinberg et al., 2004) . Analysis of the cerebellum at E9.5 shows a broad staining of Zic1-expressing neurons, which is likely to refer to the EGL progenitors before their organization in the external layer of the cerebellum (Machold and Fishell, 2005; Morales and Hatten, 2006) . Notably, many GFP ϩ axons are evident at these sites ( Fig.  5 A, B) . At E11.5, more dA1 axons accumulate within the cerebellum and the expression of Zic1 ϩ cells becomes more-restricted to the EGL (Fig. 5C,D) . At E12.5, dA1 axons accumulate further in the EGL, demarcated by Zic1 ϩ cells. Many axons are still seen in inner cerebellar positions at this stage. Some of these domains also express Zic1 (Fig. 5E,F ) , which reflects inner granular neurons (Aruga et al., 1994) , suggesting the presence of dA1 axons also in the IGL. Staining with calbindin at E13.5 revealed axons that reached the Purkinje layer (Fig. 5G,H) , as well as multiple axons in inner cerebellar positions, similar to the results shown in Figure 5, D and F. The distribution of dA1 axons at multiple cerebellar layers may either represent axons that are constantly extending from inner to outer cerebellar domains, or axons that form connections with multiple cerebellar neurons in the EGL, Purkinje, IGL, and deep cerebellar (DC) layers. A main subset of cochlear nuclei axons elongates toward the mesencephalon in the lateral leminiscus to innervate the inferior colliculus (Cant, 1992; . Therefore, we wished to inspect whether dA1 axons can also be found in the mesencephalon in our system. Embryos were stained with En-1, to mark the midbrain/hindbrain border (Wurst et al., 1994) . At E9.5, dA1 axons have reached the anterior hindbrain toward the midbrain (Fig. 5 I, J ) , whereas at E11.5 and 12.5, dA1 axons further extended and elongated along the posterior embryonic midbrain ( Fig. 5K-N ) . Altogether, these data show that dA1 neurons, which originate from the caudal-most regions of the RL, extend axons into several domains: anterior hindbrain, multiple cerebellar layers, and the midbrain.
Synaptic targets of dA1 interneurons
An important question raised by these observations is whether the ascending dA1 axons merely extend through these domains or whether they form synaptic connections with target neurons at these positions. E2.5 embryos were electroporated with SV2-GFP or synaptobrevin-GFP (SynB-GFP) synaptic reporters (Alsina et al., 2001; Leal-Ortiz et al., 2008) along with Atoh1/edI1 enhancers and the PB transposase (Fig. 6 A) , and allowed to develop until E13.5. This method enables the expression of the GFP reporter in the presynaptic vesicles. As the two enhancers provided similar results, we present here data obtained by the Atoh1-enhancer. The brainstem and cerebellum were sectioned and stained with the synaptic markers synaptotagmin or SV2 (Gardzinski et al., 2007; Nowack et al., 2010) , as well as with various neuronal markers, to allow the detection of dA1-synaptic target sites in correlation to other neurons along the embryonic brain.
The expression of the SV2-GFP/SynB-GFP cassette in the synapses revealed a punctuated and succeeding staining of GFP ϩ parti- cles ( Fig. 6B-JЉ) , which is typical of presynaptic vesicles (Alsina et al., 2001; Leal-Ortiz et al., 2008) . Staining with the presynaptic markers synaptotagmin or SV2 highly resembled the characteristic synaptic morphology observed by the GFP ϩ synapses (Fig. 6CЉ-IЉ) . In many instances, SV2-GFP ϩ /SynB-GFP ϩ synapses were also colabeled with the presynaptic markers (Fig. 6CЉ-IЉ, arrows) . These results validate the specificity of our GFP labeling method to detect dA1-presynaptic vesicles in the cerebellum. Notably, GFP ϩ synapses that were not costained with the presynaptic markers synaptotagmin/ SV2 were also frequently detected. This finding may result from the former expression of SV2-GFP during the maturation steps of the presynaptic vesicle, compared with synaptotagmin, which is induced by SV2 and acts in the functional synapse at the cone termini (Chang and Südhof, 2009; Morgans et al., 2009; Yao et al., 2010; Bragina et al., 2011) .
We next delineated the synaptic targets of dA1 interneurons in different cerebellar layers. Staining with the neuronal cell adhesion molecule Axonin-1 (Ax-1), which marks the EGL (Wolfer et al., 1998; Baeriswyl and Stoeckli, 2008) , showed a close association between SV2-GFP ϩ vesicles and Ax-1 ϩ neurons (Fig. 6C-DЉ) . Staining with calbindin and Lhx1/5 was used to mark the nascent cerebellar Purkinje precursors (Baimbridge et al., 1992; Morales and Hatten, 2006) . This staining revealed SV2-GFP ϩ /SynB-GFP ϩ synapses also in the Purkinje layer of the cerebellum (Fig. 6E-GЉ) . Furthermore, dA1 neurons also formed synapses in other, more inner positions, some of which are adjacent to Lhx1/5 as well as to Zic1-expressing cells (Fig. 6H-JЉ) , which represent inner granular and deep cerebellar neurons (Aruga et al., 1994; Morales and Hatten, 2006) . Together, these observations show for the first time that caudally originating dA1 axons form synaptic connections with external granular cells, Purkinje neurons and DC/IGL neurons, in agreement with previous reports (Mason et al., 1997; Kalinovsky et al., 2011) .
Synaptic labeling of dA1 interneurons was also evident in a defined longitudinal position in the lateral medulla (Fig. 6 K -KЉ) . This region represents the nucleus laminaris (NL; L. Puelles, personal communication), which serves as part of the auditory complex in birds (analogous to the medial superior olive of mammals), and encodes sound localization. This finding is in agreement with previous descriptive data in which the NL was shown to be innervated by ipsilateral or contralateral axons of the posterior cochlear excitatory nuclei, the nucleus magnocellularis (NM; Rubel and Parks, 1988; Marín and Puelles, 1995; Díaz et al., 2003; Hendricks et al., 2006) . The finding that dA1-derived synapses are mostly observed in the dorsal column of NL (Fig. 6KЉ) , suggests that these connections develop either from an ipsilateral dA1 tract that begins to be apparent at E6.5 (Figs. 3K,L, 4A,B) , or from previously unidentified contralateral derived dA1 neurons that can be detected by our labeling tools.
Alteration in dA1-axonal trajectories upon change of the Lim-HD code
Lim-HD proteins control multiple aspects of neuronal differentiation, such as subtype identity and axonal guidance (Sharma et al., 1998; Kania et al., 2000; Shirasaki and Pfaff, 2002; Wilson et al., 2008) . Previous studies in the spinal cord demonstrated that alteration of the Lim-HD code of dI1 neurons by ectopic expression of the dI2-protein Lhx1, modifies their projection patterns (Avraham et al., 2009 ). To begin understanding whether the Lim-HD code has a similar role in patterning the axonal trajectories of hindbrain dA1 neurons, we misexpressed Lhx1 (which is typically expressed in dA4, dB1, and dB4 subgroups, Fig.  1 E, F ,H,L) in dA1 cells. As reciprocal cross-repression between Lhx1/5 and Lhx2/9 was demonstrated in the spinal cord, we first examined whether forced expression of Lhx1 in dA1 neurons affects their Lim-HD code. E2.5 embryos were coelectroporated with edI1/Atoh1::Cre and a conditional Lhx1 (pCAGG-LoxP-STOP-LoxP-Lhx1-IRES-taumyc) plasmids (Fig. 7I ) , to ectopically express Lhx1 and taumyc in dA1 neurons (dA1 Lhx1 ). Cross sections of E3.5 embryos were stained with Lhx1/5, Lhx2/9, Atoh1, Pax2, and taumyc antibodies to assess the distribution of these neuronal markers. As expected, taumyc ϩ cells were observed in the dorsal hindbrain and coexpressed Lhx1/5 in dA1 cells (Fig. 7A, Table 1 ). Concomitantly, expression of Lhx2/9 was lost from the Lhx1/taumyc ϩ cells at the manipulated side of the dorsal hindbrain, whereas Lhx2/9 was evident at the control contralateral dA1 neurons (Fig. 7C ). This result indicated that forced Lhx1 expression represses the expression of Lhx2/9 in dA1 neurons (Table 1) , similar to the results obtained in the spinal cord (Avraham et al., 2009 ). In contrast, neither Atoh1, which marks dA1 progenitor cells, nor Pax2, which is expressed along with Lhx1/5 in dB1 and dB4 cells, were downregulated or upregulated, respectively, in dA1
Lhx1 neurons (Fig. 7 B, D , Table 1 ), indicating that ectopic Lhx1 in dA1 cells is sufficient to repress Lhx2/9 expression without altering their cell fate acquisition. Using this tool, we then assessed whether Lhx1 expression in dA1 cells will impact their axonal projection patterns. E2.5 embryos were electroporated as before (Fig. 7I ) and analyzed at E4.5 for dA1
Lhx1 axons. A clear change in dA1 Lhx1 axonal trajectories was found; two main longitudinal trajectories appeared, one ipsilateral and the other contralateral, both ascending adjacent to the floor plate at the ventral funiculi (VF; Fig. 7 E, F, arrows) . Moreover, some axons seemed to project more laterally after crossing the midline, but did not converge into a bundle at this stage (Fig. 7 E, F, arrowheads) . These patterns are in sharp contrast with the typical dA1 axonal patterns, in which two commissural lateral projections, at the LF and DF, are evident (Fig. 3) . At E6.5, the two ventral axonal bundles were still apparent with more axons in each path, although the bundles seemed less compact (Fig. 7G,H, arrows) . Furthermore, axons that projected laterally after crossing the midline at E4.5 seemed now to fasciculate into a lateral tract that extended rostrally (Fig. 7G,H, arrowheads ). An ipsilateral ascending bundle at the DF also began to be apparent (Fig. 7G,H, circles) . This experiment shows that Limcode switch in dA1 neurons from Lhx2/9 to Lhx1 is capable of modifying their axonal paths, and suggests that the Lim-HD code may play a key role in controlling the axonal patterning of dA1 interneurons in the hindbrain.
Do the altered projections of dA1 Lhx1 neurons correspond to axonal trajectories of another subtype of hindbrain interneurons that endogenously expresses Lhx1? Recently, Ptf1a-enhancer element was found to be specifically expressed in mice spinal cord dI4 (Lhx1/5 ϩ /Pax2/ ϩ Ptf1a ϩ ) and hindbrain Lhx1/5/ ϩ /Pax2 ϩ subgroups (Meredith et al., 2009 ). Thus, we examined whether the expression of the Ptf1a-enhancer element in our system will be restricted to a certain Lhx1 ϩ subgroup in the hindbrain. E2.5 embryos were electroporated with Ptf1a::GFP plasmid (Fig. 7M ) and stained a day later with Lhx1/5, Lmx1b, and Pax2 antibodies. Ptf1a::GFP ϩ cells were restricted to dB1 neurons, as indicated by the overlapping expression with Lhx1/5 and Pax2 (Fig. 7 J, K ) and the segregation from Lmx1B ϩ areas, which mark the flanking dA3/dB3 subpopulations (Fig. 7L) . Quantification of these results indicated that 90% of the Ptf1a-GFP ϩ neurons express Lhx1/5/Pax2 while no expression was evident in adjacent subpopulations (Table 1) , further confirming the specificity of the Ptf1a enhancer in dB1 neurons. Based on their position along the ventricular-marginal axis, the remaining 10% of GFP ϩ /Lhx1 Ϫ / Pax2 Ϫ cells are likely to represent dB1 progenitors that have not yet upregulated the expression of Lhx1 and Pax2.
We next inspected which axonal projection patterns will be derived by the Ptf1a::GFP-expressing neurons and compared them to those formed by dA1
Lhx1 neurons. Embryos were electroporated at E2.5, using either the Ptf1a::GFP plasmid or a conditional Cre/GFP expression system (in which the Ptf1a-enhancer was cloned upstream to Cre recombinase and coelectroporated with a Cre-conditional GFP plasmid) and analyzed at E4.5. The presented data were obtained from the Ptf1a::GFP vector, as both types of plasmids provided similar results (Fig. 7N , and data not shown). Two main axonal trajectories of Ptf1a::GFP ϩ neurons were evident; one ipsilateral and the other contralateral, both ascending adjacent to the floor plate at the VF (Fig. 7N,  arrows) . Notably, some axons seemed to project more laterally after crossing the midline, without converging into a bundle at this stage. At E6.5 the two VFs were still apparent (Fig. 7O, arrows ). Yet, additional patterns were formed, in which axons projected further laterally after crossing the midline and turned longitudinally in a dorsal ascending tract (DF; Fig. 7O, arrowhead) , or turned into a dorsal ipsilateral ascending bundle (Fig.   Figure 6 . Synaptic targets of dA1 interneurons. A, A scheme of the constructs; a synaptic SV2-GFP or synaptobrevin-GFP (SynB) reporter cassette is flanked between two PB arms (PB-LoxP-STOP-LoxP-SV2-GFP-PB; PB-LoxP-STOP-LoxP-SynB-GFP-PB). The integration of the reporter cassette into the genome and the expression of SV2-GFP/SynB-GFP in dA1 neurons is driven by CAG::PBase and Atoh1::Cre. C-K, Sagittal sections of E13.5 cerebellum (C-JЉ) and medulla/pons (K-KЉ) from embryos electroporated at E2.5 with the PiggyBac system to label synaptic vesicles of dA1 axons. B, Confocal 3D imaging of SV2-GFP ϩ synapses in the cerebellum. For all images, each marker is indicated in a different color, higher-magnification views of the boxed areas in the left panels are presented at their respective right panels. CЉ-JЉ represent digital magnifications of boxed areas in CЈ-JЈ. Arrowheads indicate SV2-GFP labeled synapses (green), and arrows indicate SV2-GFP/SynB-GFP labeled synapses coexpressing the synaptic markers synaptotagmin/SV2 (yellow). Scale bars are indicated. Cb, cerebellum; DCN, deep cerebellar neurons; EGL, external granular layer; IGL, internal granular layer; Phallo, phalloidin; NL, nuclear laminaris S-Tag, synaptotagmin; Ax-1; axonin 1; Calb, calbindin; A, anterior; P, posterior. (Figure legend continues.) 7O, circle). In all experiments, the contralateral VF was more apparent than the ipsilateral VF, which seemed less condensed. These results show that the axonal patterns projected by the dB1 (Ptf1a::GFP ϩ ) subgroup (Fig. 7 N, O) are highly similar to those observed by the dA1 Lhx1 -expressing neurons (Fig. 7E-G) . To further confirm that dA1
Lhx1 axonal patterns were shifted into dB1-like trajectories, we simultaneously labeled the two axonal subpopulations in the same embryo. E2.5 hindbrains were electroporated using Ptf1a::GFP vector to trace dB1 axons (Fig. 7P ) and Atoh1::cre ϩ CAGG-LoxP-stop-LoxP-Lhx1-IRES-taumyc plasmids to trace dA1
LhX1 axons (Fig. 7Q) . E5 embryos clearly showed colocalization of dA1 lhx1 and dB1 axons in the same ipsilateral and contralateral paths (Fig. 7P-S) . This experiment, together with the data shown in Figure 7E-H, N, and O, confirmed that the trajectories of dA1 lhx axons were altered into dB1-like funiculi (Fig. 7T ) , demonstrating the ability of Lhx1 in shifting the typical axonal patterns of dA1 interneurons into a dB1-like patterns, without affecting dA1 cell-fate acquisition. This finding suggests a central role of the Lim-HD code in regulating axonal projections of hindbrain interneurons.
Discussion
Along the cRL, dA1 interneurons generate the CN and PCN and participate in establishing proprioceptive, interoceptive, auditory, and arousal circuitries. Multiple studies provided essential knowledge regarding the role of Atoh1 in these processes (Marín and Puelles, 1995; Cambronero and Puelles, 2000; Bermingham et al., 2001; Machold and Fishell, 2005; Wang et al., 2005; Rose et al., 2009a ). Here we combined genetic and morphological tools to follow the axonal patterns of chick dA1-interneurons, to decipher their targets and connections, and to investigate the role of the Lim-HD code in patterning dA1-axonal paths.
Axonal patterns, targets, and connectivity of dA1-interneurons
We have previously used enhancer elements to drive a conditional expression of reporter genes in the chick spinal cord, and uncovered novel interneuron-axonal pathways (Avraham et al., 2009 (Avraham et al., , 2010b ). Here we used this strategy in the chick hindbrain and demonstrated for the first time the ability to target dA1-neurons and axons. Two main ascending contralateral trajectories were found: one derives from r6 -r7 (dA1 r6 -7 ) and extends along a defined DF to predominantly populate the hindbrain, cerebellum, and midbrain, whereas the other originates from r2-r5 (dA1 r2-5 ) and extends in a LF in a less-confined pattern. Synaptic connections of the dA1 r6 -7 axons were evident in the hindbrain and cerebellum.
Classical cell-tracing and grafting experiments in the chick have previously identified several ascending/descending axonal funiculi (Guthrie and Lumsden, 1992; Clarke and Lumsden, 1993; Díaz et al., 2003; Marín and Puelles, 1995) . By retrograde/ anterograde labeling, neurons were traced in the hindbrain alar/ basal plate and projection sites were demonstrated, such as in the cerebellum. Other classical-labeling studies in adult rat brainstem also revealed projections of the PCN to the cerebellum (for review, see Cicirata et al., 2005) . Together, these seminal studies revealed the segmental repetition, axonal directionalities, and routes of hindbrain neurons. Yet, certain neurons, axonal tracts, and projections were overlooked by these approaches, and are demonstrated here. Moreover, molecular identities of the interneurons that projected into the reported routes were unclear. Our genetic tools enabled the tracing of two dA1-derived tracts, supporting some of the previously reported funiculi, and providing new knowledge regarding interneuronal identities and trajectories that have not been accurately presented before. For instance, DiI labeling of caudal hindbrain commissures, identified as second order vestibular neurons (cC-VC), demonstrated their axonal turning in the DF (Díaz et al., 1998; Zhu et al., 2006) . However, the genetic characteristics of cC-VC, their detailed localization in relation to other interneurons, and the progression of their axons, were not shown. Our data suggest this path to be contributed by dA1 r6 -7 cells. Furthermore, our constitutive-labeling strategy enabled us to trace the growth and connectivity of the DF at advanced stages, linking for the first time a subset of hindbrain interneurons with their axonal projections and targets.
Genetic strategies in mice extended the classical chick studies and revealed that dA1/Atoh1 ϩ neurons along the cRL assemble the ventral/dorsal CN and PCN (Wang et al., 2005; Okada et al., 2007; Fu et al., 2009 Fu et al., , 2011 Rose et al., 2009b) . Application of intersectional/subtractive fate-map approaches further identified the contribution of rhombomere-specific interneurons to these nuclei (Farago et al., 2006; Maricich et al., 2009) . For instance, r2-r5-derived Atoh1 ϩ cells contribute neurons of the CN, whereas Atoh1 ϩ from r6 -r8 generates multiple precerebellar MF nuclei. These studies revealed the spatio-temporal development of mammalian brainstem centers and Atoh1 role in these assemblies. Yet, data describing the precise axonal patterns of each dA1 subgroup are partial, mostly because germ-line transgenesis results in general labeling of Atoh1 ϩ neurons, complicating the ability to trace unilateral projections. Unilateral gene transfer by in utero electroporation is the only means to visualize hindbrain axonal projections in mice. Few such studies were previously performed to label PCN, such as the pontine-gray nuclei (PGN; Okada et al., 2007; Dipietrantonio and Dymecki, 2009 ). These analyses demonstrated that the majority of PGN axons extend contralaterally to the cerebellum, whereas fewer extend ipsilaterally. Yet, these methods used nonconditional GFP expression, as opposed to our strategy in which a precise GFP labeling of dA1-derived axons is provided. Moreover, the GFP transfer was performed in a restricted time point (i.e., E14.5) and axonal projections were analyzed only at one, much advanced, stage (i.e., P8; Okada et al., 2007; Dipietrantonio and Dymecki, 2009 ). Thus, questions regarding how dA1 neurons project axons at earlier stages and what the progression dynamics are from the hindbrain toward the cerebellum remained open. Our results corroborate and expand the mice studies by showing at much earlier chick stages contralateral dA1 axonal trajectories that progress in the DF toward the cerebellum, and the initiation of a dorsal ipsilateral tract at later stages. Hence, our genetic targeting of dA1 neurons in a unilateral and spatially restricted manner in chicks enables us to trace axonal trajectories on a stage-by-stage basis that are harder to visualize in mammals.
In both avian and mammals, the lower cRL (r6 -r8) generates the precerebellar MF nuclei. In avian, this region also generates the posterior CN (nucleus magnocellularis), whereas the more anterior nucleus angularis (NA) counterpart, arises from r3-r6.
In contrast, all mammalian CN progenitors arise from the auditory lip at r2-r5 (Marín and Puelles, 1995; Ryugo and Parks, 2003; Hendricks et al., 2006) . Mice fate-map studies discovered dA1 interneurons from lower and upper cRL to generate the PCN and CN (Wang et al., 2005; Farago et al., 2006; Maricich et al., 2009; Rose et al., 2009b) . Although likely, it is yet unclear whether dA1s assemble these centers in avian. Here we show dA1 r6 -7 neurons, which project into the DF, extend in the upper hindbrain, midbrain, and cerebellum and form synapses. However, we cannot distinguish between axons that originated from auditory (NM, posterior NA) or precerebellar progenitors. One possibility is that both subpopulations send axons into the DF and separate rostrally to project to different targets. This is supported by the synapses found both at the brainstem and cerebellum; although cerebellar synapses most probably originate from dA1-axons that extend from PCN, synapses in the NL are likely to represent dA1-axons originating from ipsilateral or contralateral NM (Marín and Puelles, 1995; Díaz et al., 2003) . Another possibility is that early or later-born dA1 interneurons, which were previously reported in mice (Wang et al., 2005) , also exist in avian (Cambronero and Puelles, 2000) , and establish different trajectories at distinct times. This would suggest that the DF observed in our experiments originates from a subset of posterior dA1s, and is in agreement with our findings of additional tracts that appear at later stages, that may represent later-born dA1s. Assessing between these possibilities requires advanced tracing tools to label distinct dA1 subgroups (i.e., CN/PCN) or early versus later-born neurons. Such answers will highlight the conservation or difference between mammalian and avian cRL development.
How connectivity is established between brainstem neurons is not well understood. Previous mice data suggested that cRLderived Atoh1 ϩ cells project to Atoh1 ϩ neurons in the cerebellum (Bermingham et al., 2001) . Our findings of synapses in the EGL/IGL/DCN, formed by dA1 r6 -7 axons, confirm the brainstem Atoh1 ϩ circuitry, since these layers are largely derived from Atoh1 ϩ cells (Wang et al., 2005) . Intriguingly, synapses were also observed in the Purkinje layer. This finding supports recent data in which PGN axons were found to project to Purkinje neurons in mice (Kalinovsky et al., 2011) . Future work is required to unravel whether distinct dA1-subtypes in the cRL form the differential cerebellar connectivity, and whether the synapses observed are transient in character or stable. Moreover, it is still unclear whether Atoh1 ϩ -circuitry is also observed in the medulla, as the genetic characteristic of chick NL is unknown.
At r2-r5 hindbrain levels, dA1 interneurons project into the LF. This tract can be observed also at later stages (E12), where it reaches the pons and extends to the midbrain (data not shown). Based on previous reports, these axons may derive from the more anterior CN, the NA, which encompasses r2-r6 and projects toward the midbrain, thalamus, and cortex (Marín and Puelles, 1995; Díaz et al., 2003) .
Possible cues that regulate dA1-axonal projection patterns
We found that dA1 progenitors give rise to two subpopulations; dA1 r6 -7 and dA1 r2-5, which differ in their axonal patterns. Common cues should guide both groups' axons across the floor plate, while diverged cues should determine their longitudinal choicepoint turning. Lim-HD proteins are involved in regulating neuronal cell fate and axonal guidance (Hobert and Westphal, 2000) . In the spinal cord, alterations in Lim-HD code modified interneuron axonal projections without changing cell fates (Bachy et al., 2001; Pillai et al., 2007; Wilson et al., 2008; Avraham et al., 2009; Palmesino et al., 2010) . In the hindbrain, Lhx2/9 proteins are expressed in dA1 r6 -7 and dA1 r2-5 neurons. Here we show that alteration of dA1 Lim-HD code from Lhx2/9 to Lhx1 is sufficient to misdirect the patterns of dA1-axons toward dB1-like patterns, without affecting their cell-fate acquisition. These findings support the previous studies and suggest for the first time a role for Lim-HD code in patterning hindbrain axons. Intriguingly, dB1 (ptf1a ϩ ) interneurons are GABAergic/inhibitory, whereas dA1 (Atoh1 ϩ ) interneurons are glutamatergic/excitatory. Whether the shift of dA1
Lhx1 axons toward a dB1-like pattern would affect their latter neurotransmitter phenotype and synaptic targets remains to be elucidated.
While Lhx2/9 are uniformly expressed in all dA1-neurons, their axons form different ascending trajectories after crossing the midline. Hence, other transcription factors should cooperate with Lim-HD proteins in patterning their growth. Hox code was shown to control axonal pathfinding in the spinal cord and hindbrain (Dasen et al., 2005; Geisen et al., 2008; Narita and Rijli, 2009; Watari-Goshima and Chisaka, 2011) . It is possible that the diverse dA1 axonal tracts relay on different Hox genes. Candidates are HoxA3/B2/B3/D3, which display differential expression levels in correlation with r5/r6 border. Another candidate is Zic1, which was found to drive the axonal projection choice of MF (PGN) nuclei toward the ipsilateral or contralateral cerebellum (Dipietrantonio and Dymecki, 2009 ). It will be important to explore the roles and cross talks between these transcription factors in patterning dA1 axonal paths.
Extracellular or membrane-bound attractive/repulsive cues are also critical to guide axons (Tessier-Lavigne and Goodman, 1996; Guthrie, 1997; Rodriguez et al., 2005; Dickson and Gilestro, 2006; Zhu et al., 2006) . Wnts, Shh, and Robo/Slit are central in guiding commissural axons (including Atoh1 ϩ neurons), before and after crossing the floor plate (Lyuksyutova et al., 2003; Bourikas et al., 2005; Howell et al., 2007; Renier et al., 2010) . Hindbrain MF neurons were shown to require Robo/ Slit as well as adhesion molecules (TAG-1, cadherins) for their normal soma or axonal migration along the DV axis (Backer et al., 2002; Marillat et al., 2004; Kawauchi et al., 2006; Taniguchi et al., 2006; Wilson et al., 2008; Renier et al., 2010) . Moreover, Eph/Ephrin signaling was found to guide hindbrain CN and cC-VC axons (Zhu et al., 2006; Hsieh et al., 2010) . The dorsal position of cC-VC neurons, the expression of Atoh1, and the commissural axonal projection followed by turning into the DF all implicate cC-VC neurons as being dA1 r6 -7 neurons. Thus, the different turning points of dA1 r6 -7 and dA1 r2-5 might be determined by Eph/Ephrin cues. Interestingly, the expression of these guiding cues is regulated by Hox, Lim-HD, and Zic genes (García-Frigola et al., 2008; Geisen et al., 2008; Wilson et al., 2008) . Thus, elucidating the network between the transcriptional codes and the guiding cues in governing dA1 axonal trajectories is the focus of future studies.
